With its abundance of renewable energy potentials, not only for hydropower and bioenergy, but also for wind and solar, Brazil provides good prospects for a carbon neutral energy system. The role of an enhanced coupling of the power, heat and transport sectors in such systems is not yet fully understood. This paper analyses the least-cost composition and operation of a fully renewable power supply system as part of a carbon neutral energy supply in Brazil. It relies on the application of the high-resolution energy system model REMix. Our analysis reveals that the expansion of wind and solar power is more cost-efficient than the construction of additional hydroelectric plants. This is favoured because the existing hydroelectric plants offer large capacity of dispatchable power to compensate for fluctuations, and thus no additional storage is necessary. Furthermore, the REMix analysis indicates that varying shares of solar and wind power technologies as well as the spatial distribution of power generation have only a small influence on supply costs. This implies that the transformation strategy in Brazil can be primarily based on other criteria such as regional development, public acceptance, environmental impact or industrial policy without major impacts on system costs.
Introduction
Renewable energy (RE) sources are a proven option to reduce greenhouse gas (GHG) emissions. However, it is still a major challenge to integrate large shares of variable renewable energy (VRE) into the power system. This is specifically the case for strongly developing countries, which additionally have to cope with a strong increase in energy and power demand in the future. Brazil is a typical newly industrialized country, featuring a large population and considerable economic growth. Today, Brazil already covers 60% of its power demand by hydro and another 10% by biomass and wind power ( Figure 1 ) [1, 2] . However, its primary energy supply is dominated by fossil fuels, mainly oil (36%) and gas (14%). Biomass is another main pillar, covering a broad range from traditional biomass use in the residential sector to modern biofuel applications for power generation and transport fuels. However, the future increase in energy demand is expected to be covered also by an expansion of fossil fuel installations and the dependency on hydropower leads to a high vulnerability with regard to droughts [3, 4] , which have recently heavily disturbed the Brazilian power supply [5] . Nevertheless, the abundance of RE potentials, not only for hydropower and energy production from biomass, but also for wind and solar energy provides good prospects for a completely renewable supply of power, heat, and transport fuels. Biofuels and the large scale use of sugar cane residues, including second generation technologies have long been one major focus of technology development [6] [7] [8] [9] . Agricultural and agro-industrial residues also have a large energetic potential in Brazil [10] . Wind power and solar power not only have large potentials in Brazil [11, 12] , but are also considered to be cost efficient [13] . Resource assessments in high spatial resolution have been provided for solar global horizontal irradiation [14, 15] , direct normal irradiation [16] and wind speed [17] , revealing that particularly good potentials are located in the western and northwestern part of the country. With reservoir hydro stations as a source of flexibility, the power system is expected to easily balance substantial shares of VRE generation without increasing demand for fossil backup power plants [5, [18] [19] [20] . Nevertheless, Saporta [21] mentioned that the flexibility provided by hydropower plants with reservoirs in Brazil can be constrained by the multiple uses of water for environmental, social and economic purposes. Additional benefits are expected for the stability of the power system through a diversification with wind and solar [5, 15, 20] . Several studies have investigated the future role of RE across the whole energy system and identified considerable potential for their implementation [22] [23] [24] [25] [26] . Nevertheless, according to [27] , high wind penetration (65%) in the Northeast power system of Brazil might not happen without curtailment, mainly due to inflexibility constraints in Brazilian power plants and also to transmission limits. While reference [15] explore a 100% renewable power sector, the scenarios for the whole energy system eventually require a backup from fossil resources especially for heat and transport. Their scenario is dominated by solar photovoltaic (PV), and also evaluates the potential role of a production of synthetic methane for industrial purpose from renewable electricity. Different alternatives to a hydropower expansion have been assessed by [28] . Their scenarios particularly focus on wind power and natural gas, and are also limited to the power sector. An integrated energy system model for Brazil has been applied in [26, 29, 30] . Their model provides a very detailed representation of sectoral energy demands, but is limited in its temporal resolution. The role of enhanced sector coupling has also been studied to some degree in [25, 31] .
A transformation beyond 80% RE in the overall energy system is specifically challenging: in the power sector, seasonal storage becomes almost unavoidable at high VRE shares [32] . Furthermore, a replacement of all fossil fuels for combustion engines must be provided at reasonable costs for passenger as well as freight transport vehicles [33] . Additionally, options to replace high temperature industrial process heat are essential [34] . Previous works have shown that an increased sector coupling is a prerequisite to efficiently address these challenges and that renewable power can play Nevertheless, the abundance of RE potentials, not only for hydropower and energy production from biomass, but also for wind and solar energy provides good prospects for a completely renewable supply of power, heat, and transport fuels. Biofuels and the large scale use of sugar cane residues, including second generation technologies have long been one major focus of technology development [6] [7] [8] [9] . Agricultural and agro-industrial residues also have a large energetic potential in Brazil [10] . Wind power and solar power not only have large potentials in Brazil [11, 12] , but are also considered to be cost efficient [13] . Resource assessments in high spatial resolution have been provided for solar global horizontal irradiation [14, 15] , direct normal irradiation [16] and wind speed [17] , revealing that particularly good potentials are located in the western and northwestern part of the country. With reservoir hydro stations as a source of flexibility, the power system is expected to easily balance substantial shares of VRE generation without increasing demand for fossil backup power plants [5, [18] [19] [20] . Nevertheless, Saporta [21] mentioned that the flexibility provided by hydropower plants with reservoirs in Brazil can be constrained by the multiple uses of water for environmental, social and economic purposes. Additional benefits are expected for the stability of the power system through a diversification with wind and solar [5, 15, 20] . Several studies have investigated the future role of RE across the whole energy system and identified considerable potential for their implementation [22] [23] [24] [25] [26] . Nevertheless, according to [27] , high wind penetration (65%) in the Northeast power system of Brazil might not happen without curtailment, mainly due to inflexibility constraints in Brazilian power plants and also to transmission limits. While reference [15] explore a 100% renewable power sector, the scenarios for the whole energy system eventually require a backup from fossil resources especially for heat and transport. Their scenario is dominated by solar photovoltaic (PV), and also evaluates the potential role of a production of synthetic methane for industrial purpose from renewable electricity. Different alternatives to a hydropower expansion have been assessed by [28] . Their scenarios particularly focus on wind power and natural gas, and are also limited to the power sector. An integrated energy system model for Brazil has been applied in [26, 29, 30] . Their model provides a very detailed representation of sectoral energy demands, but is limited in its temporal resolution. The role of enhanced sector coupling has also been studied to some degree in [25, 31] .
A transformation beyond 80% RE in the overall energy system is specifically challenging: in the power sector, seasonal storage becomes almost unavoidable at high VRE shares [32] . Furthermore, a replacement of all fossil fuels for combustion engines must be provided at reasonable costs for passenger as well as freight transport vehicles [33] . Additionally, options to replace high temperature industrial process heat are essential [34] . Previous works have shown that an increased sector coupling is a prerequisite to efficiently address these challenges and that renewable power can play an increasing role in both transportation and heating, either directly or via the production of hydrogen or synthetic fuels [35, 36] . Despite the high amount of model based scenario studies already available, the role of regional power exchange, sector coupling, and industrial demand response (DR) in a completely RE system is not yet fully understood for Brazil. This is particularly important as the consideration of the usage of electricity for heating, transportation and fuel production has a high impact on power demand and supply.
This paper assesses the effect of sector coupling on the power system in Brazil, both concerning the challenges arising from an additional power demand for electric mobility and hydrogen production, and the opportunities offered by the flexibility of these loads. Applying the high-resolution energy model REMix, we identify the least cost composition of different generation, grid, and storage technologies and assess the potential contribution of sector coupling and DR to a fully renewable power supply. We present a case study of four scenarios that provide insight into the impact of RE technology choice, regional distribution of generation capacities and future drought risks on the supply costs. The case study relies on a scenario assessment for a 100% renewable supply considering the whole energy system across the power, heat, and transport sectors.
Materials and Methods

Optimization Model REMix
The case study relies on the application of the REMix energy system model [32] . It combines an assessment of wind and solar power generation potentials in high temporal and spatial resolution with an energy system optimization ( Figure 2 ). REMix is focused on a detailed representation of the power system, but also considers all relevant links to the heat and transport sectors, including electric heating, electric mobility and production of synthetic fuels [37] . The model optimizes the capacity installation and hourly operation of all system components in a perfect foresight approach over one typical year. Its objective function comprises annuities of endogenously added assets and operational costs of all assets. In the case study presented here, REMix is applied in a partial greenfield approach. This implies that some power generation and transmission capacities are exogenously defined, for example considering existing infrastructures, whereas others are endogenously determined by REMix (Section 2.2). A detailed description of REMix appears in [32] . In contrast to previous studies [37, 38] , we use a simplified model representation of DR, which is described in Appendix A and documented in Equations (A1)-(A9) and Table A1 . For countries with abundance of dispatchable renewable potentials, such as Brazil, the contribution of DR to load balancing is rather limited. This justifies the application of a simplified model, which significantly reduces the model complexity and solution time. Furthermore, it requires less input data and is thus more easily transferrable to other countries. The model representation contains the main features of DR, which are load shedding and shifting to an earlier as well as later time. Load shifting is modelled as fictitious energy storage whose storage costs increase with the period between charging and discharging. In contrast to the more detailed representation, it does not explicitly consider the duration between a load reduction and subsequent increase. Furthermore, the duration of load interventions is not directly limited. However, both these durations can be limited to reasonable values of a few hours by the approach chosen. 
Data and Assumptions
The REMix model input includes hourly time series of demand and VRE power generation, RE technology potentials, existing power generation and transmission capacities, and techno-economic parameters of all technologies. The model configuration applied in this case study is introduced in the following paragraph as well as the data used and assumptions made.
In our analysis of least-cost configurations of future power supply systems for Brazil, we consider a broad range of technologies ( Table 1 ). The optimization focuses on the potential future role of wind and solar power as well as the need for transmission lines, storage and flexible sector coupling. It assesses how solar photovoltaic (PV), concentrated solar power (CSP), wind onshore and wind offshore compete with each other and the expansion of hydropower. Alternating current (AC) and direct current (DC) transmission are treated separately in the model. Our partial greenfield approach considers existing hydropower plants and transmission lines, some biomass combined heat and power (CHP) stations, and small capacities of wave power as well as stationary fuel cells as exogenous model input (Table 1) . Furthermore, we consider flexible electric heating, hydrogen electrolysis and industrial DR as part of an enhanced sector coupling. To reflect restrictions in power transmission and evaluate the demand for new power lines, we subdivide Brazil into seven model regions (Figure 3 ), based on [39, 40] . Given their remoteness and large capacity, the major hydro dams at Belo Monte, Teles Pires and Itaipu are considered as additional grid nodes without power demand. Furthermore, we include three network junction 
In our analysis of least-cost configurations of future power supply systems for Brazil, we consider a broad range of technologies ( Table 1 ). The optimization focuses on the potential future role of wind and solar power as well as the need for transmission lines, storage and flexible sector coupling. It assesses how solar photovoltaic (PV), concentrated solar power (CSP), wind onshore and wind offshore compete with each other and the expansion of hydropower. Alternating current (AC) and direct current (DC) transmission are treated separately in the model. Our partial greenfield approach considers existing hydropower plants and transmission lines, some biomass combined heat and power (CHP) stations, and small capacities of wave power as well as stationary fuel cells as exogenous model input (Table 1) . Furthermore, we consider flexible electric heating, hydrogen electrolysis and industrial DR as part of an enhanced sector coupling. To reflect restrictions in power transmission and evaluate the demand for new power lines, we subdivide Brazil into seven model regions (Figure 3 ), based on [39, 40] . Given their remoteness and large capacity, the major hydro dams at Belo Monte, Teles Pires and Itaipu are considered as additional grid nodes without power demand. Furthermore, we include three network junction points with neither generation nor demand in the model. Existing transmission capacities are considered according to Table A2 and rely on [39] .
The total electricity demand considered in the case study is based on a comprehensive scenario of the future development of the Brazilian energy system [41] . This scenario represents a pathway to a fully RE supply across all sectors by 2050. According to [41] , we assume that heat production and transport will increasingly rely on electricity and synthetic hydrogen, causing almost a doubling in power demand by 2050. Final energy demand in electricity increases to 325 TWh/year in industry, and to 412 TWh/year in the residential and service sector. This includes power for direct heating and heat pumps. For transport 126 TWh/year in electricity are projected in the scenario, with a comparatively low share of 26% battery electric vehicles (BEV) in passenger cars and 12% in heavy duty vehicles. Additional power demand arises from the electrolytic production of 8 PJ and 77 PJ of hydrogen for transport and industry, respectively. Regional power demand values are summarized in Table A3 . They reflect the concentration of population and industry to the Sudeste region [42, 43] . In the case study presented here, we consider the energy demand and technology data for 2050, which is used as target year for a fully renewable supply in [41] . (Table A2) .
Hourly load profiles are obtained using metered data of dispatchable power generation. The national operator of the power system provides hourly values of electricity generation supplied by centralized power plants [44] . By the time of the modelling phase, the most recent data available were that of 2013. These data allow capturing the hourly demand behaviour by region. The resulting hourly load has an annual peak of 100 GW. The new loads-electric vehicle charging, heating and hydrogen demand-are disaggregated to hourly values according to the methodology presented in [45] . It considers representative profiles of uncontrolled electric vehicle charging, hydrogen car fuelling and industrial process heat demand. The inflexible share of the new loads accounts for an additional hourly demand of at least 15 GW, resulting in a total peak load of about 115 GW, which occurs in the beginning of December. As most of the new loads are assumed to be flexible in their operation, the endogenously determined peak load can be up to 55 GW higher.
Today's existing hydropower plants are expected to be available in the future, just like the existing facilities already under construction [46, 47] . They account for 65 GW and 43 GW of run-ofriver and reservoir hydro capacities, respectively (Tables A4 and A5 in Appendix B). Those hydro (Table A2 ).
The total electricity demand considered in the case study is based on a comprehensive scenario of the future development of the Brazilian energy system [41] . This scenario represents a pathway to a fully RE supply across all sectors by 2050. According to [41] , we assume that heat production and transport will increasingly rely on electricity and synthetic hydrogen, causing almost a doubling in power demand by 2050. Final energy demand in electricity increases to 325 TWh/year in industry, and to 412 TWh/year in the residential and service sector. This includes power for direct heating and heat pumps. For transport 126 TWh/year in electricity are projected in the scenario, with a comparatively low share of 26% battery electric vehicles (BEV) in passenger cars and 12% in heavy duty vehicles. Additional power demand arises from the electrolytic production of 8 PJ and 77 PJ of hydrogen for transport and industry, respectively. Regional power demand values are summarized in Table A3 . They reflect the concentration of population and industry to the Sudeste region [42, 43] . In the case study presented here, we consider the energy demand and technology data for 2050, which is used as target year for a fully renewable supply in [41] .
Hourly load profiles are obtained using metered data of dispatchable power generation. The national operator of the power system provides hourly values of electricity generation supplied by centralized power plants [44] . By the time of the modelling phase, the most recent data available were that of 2013. These data allow capturing the hourly demand behaviour by region. The resulting hourly load has an annual peak of 100 GW. The new loads-electric vehicle charging, heating and hydrogen demand-are disaggregated to hourly values according to the methodology presented in [45] . It considers representative profiles of uncontrolled electric vehicle charging, hydrogen car fuelling and industrial process heat demand. The inflexible share of the new loads accounts for an Energies 2017, 10, 1859 6 of 22 additional hourly demand of at least 15 GW, resulting in a total peak load of about 115 GW, which occurs in the beginning of December. As most of the new loads are assumed to be flexible in their operation, the endogenously determined peak load can be up to 55 GW higher.
Today's existing hydropower plants are expected to be available in the future, just like the existing facilities already under construction [46, 47] . They account for 65 GW and 43 GW of run-of-river and reservoir hydro capacities, respectively (Tables A4 and A5 in Appendix B). Those hydro stations listed as mid-term (MT) and long-term (LT) investment options in [39] are considered as upper limit for the model endogenous installation of additional run-of-river and reservoir hydro capacity (Table A6) . They amount to additional 25 GW and 30 GW, respectively. We allow for an endogenous installation of pumps in all reservoir hydro stations as an additional source of flexibility and storage. To consider different availabilities and costs, we subdivide existing hydropower stations and future installations into three size classes each for reservoir hydro and run-of-the-river hydro stations. Electric capacities below 30 MW are classified as small, between 30 MW and 300 MW as medium and above 300 MW as large. Maps of all existing major hydro dams are available in [39, 48, 49] . Based on the comprehensive scenario development presented in [41] , we furthermore assume the existence of wave power plants, biomass CHP plants, and stationary fuel cells with overall electric capacities of 4.6 GW, 19.4 GW, and 0.8 GW, respectively. Both biomass CHP and fuel cell systems contribute to the supply of renewable heat to residential, commercial and industrial consumers. They dispose of a thermal storage dimensioned to store up to four hours of peak heat demand. The resulting regional capacities are displayed in Figure 4 and detailed in Tables A4 and A5 in Appendix B. stations listed as mid-term (MT) and long-term (LT) investment options in [39] are considered as upper limit for the model endogenous installation of additional run-of-river and reservoir hydro capacity (Table A6) . They amount to additional 25 GW and 30 GW, respectively. We allow for an endogenous installation of pumps in all reservoir hydro stations as an additional source of flexibility and storage. To consider different availabilities and costs, we subdivide existing hydropower stations and future installations into three size classes each for reservoir hydro and run-of-the-river hydro stations. Electric capacities below 30 MW are classified as small, between 30 MW and 300 MW as medium and above 300 MW as large. Maps of all existing major hydro dams are available in [39, 48, 49] . Based on the comprehensive scenario development presented in [41] , we furthermore assume the existence of wave power plants, biomass CHP plants, and stationary fuel cells with overall electric capacities of 4.6 GW, 19.4 GW, and 0.8 GW, respectively. Both biomass CHP and fuel cell systems contribute to the supply of renewable heat to residential, commercial and industrial consumers. They dispose of a thermal storage dimensioned to store up to four hours of peak heat demand. The resulting regional capacities are displayed in Figure 4 and detailed in Tables A4 and A5 in Appendix B. We quantify the maximum installable capacities for PV, Wind and CSP power plants applying the global resource assessment tool REMix-EnDAT [50] . We find that the considered average minimum wind speed has significant impact on the regional capacity limits and annual capacity factors. In order to find a reasonable balance between both, we use regionally different values (see Tables A7 and A8 in Appendix C). The overall wind power potentials considered in the case study amount to 138 GW and 470 GW of onshore and offshore capacity, respectively (Table 2) . CSP can be used almost exclusively in the regions Nordeste, Centro-Oeste and Sudeste, with installable capacities exceeding practical limits. The same applies to the maximum PV capacity across all regions. Based on historic weather data of 2002, we calculate hourly profiles of wind and PV power generation as well as CSP heat input using the REMix-EnDAT tool. The daily water inflow to hydropower plants is considered according to long-term averages over 1931-2013 [51] . As no measured data are available for wave power, we approximate monthly average output values based on [52] , using an annual capacity factor of 0.3. Table 2 . Potentials for solar and wind power generation based on REMix-EnDAT [50] considered in the optimization. Note that installable capacities are displayed in GW and annual full load hours in h/year.
Region
Wind Offshore Wind Onshore Photovoltaic CSP We quantify the maximum installable capacities for PV, Wind and CSP power plants applying the global resource assessment tool REMix-EnDAT [50] . We find that the considered average minimum wind speed has significant impact on the regional capacity limits and annual capacity factors. In order to find a reasonable balance between both, we use regionally different values (see Tables A7 and A8 in Appendix C). The overall wind power potentials considered in the case study amount to 138 GW and 470 GW of onshore and offshore capacity, respectively (Table 2) . CSP can be used almost exclusively in the regions Nordeste, Centro-Oeste and Sudeste, with installable capacities exceeding practical limits. The same applies to the maximum PV capacity across all regions. Based on historic weather data of 2002, we calculate hourly profiles of wind and PV power generation as well as CSP heat input using the REMix-EnDAT tool. The daily water inflow to hydropower plants is considered according to long-term averages over 1931-2013 [51] . As no measured data are available for wave power, we approximate monthly average output values based on [52] , using an annual capacity factor of 0.3. In addition to retrofitting reservoir hydro stations by pumps, the model endogenous installation of storage can also include batteries and hydrogen storage. These are represented by Vanadium redox flow batteries and a combination of proton exchange membrane (PEM) electrolyser, tank storage and single or combined cycle gas turbine. The model accounts for DR in energy-intensive production processes and large scale cooling. Load shedding can be realized in the electrolytic production of aluminium, steel and copper, load shifting in the production of cement, pulp and chlorine as well as cooling in the food industry, gastronomy and retail. Potentials are based on Brazilian industry statistics [53] [54] [55] , Brazilian electricity demand statistics [56] , and previous studies for Europe [57] . We assume that these potentials are available also in the future, implicitly assuming that increases in production capacity and efficiency cancel each other out. Overall potentials are summarized in Table A9 in Appendix D. Additional load shifting is assumed to be available from a delayed charging of 60% of the BEV fleet by up to eight hours. We also assume a partially flexible operation of electric heating enabled by thermal energy storage designed to store four hours of peak heat demand. The hydrogen for the transport sector and industry is produced in electrolysers dimensioned to produce the annual demand in 3000 full load hours and equipped with tank storage for 12 h of full load production.
The techno-economic parameters of the considered generation and storage technologies are presented in Table 3 . Considerable cost reductions until 2050 are assumed for most technologies, including those that are so far deployed only with small capacities but might become important at higher VRE supply shares, such as CSP, wave power or hydrogen storage. For hydropower, no significant cost reductions are assumed, as the best potentials are already exploited and increasing sustainability concerns lead to additional costs. Cost assumptions for DR and transmission technologies are summarized in Tables A9 and A10 in Appendix D. All investments are subject to an interest rate of 10%. Biomass is considered with an average fuel cost of 10 €/MWh. 
Scenarios
The case study includes four scenarios focused on regional RE deployment and hydropower availability. In the Base scenario, generation capacities of solar and wind power are optimized without any minimum target. In contrast, the scenarios PV-Plan and CSP-Plan assess the impact of pre-defined PV and CSP capacities, respectively. They consider the installation of PV currently planned by the Brazilian government [64] on the one hand, and the proposal of deploying CSP in northeast Brazil on the other [65] . In scenario PV-Plan, we predefine PV capacities of 50 GW in region Sudeste, 25 GW in Nordeste, 12 GW in Centro-Oeste, 10 GW in Sul and 3 GW in Norte 1. In scenario CSP-Plan, we consider an electric CSP capacity of 10 GW in Nordeste. Finally, scenario Red-Inflow evaluates how a reduced water inflow to hydropower plants, for example caused by climate change, influences the system set-up and supply costs. We assume an inflow reduction of 25% at any hydro station and during every hour of the year compared to the historic averages applied in all other scenarios.
Results
The overall installed power generation capacity identified by REMix reaches about 310 GW in the scenarios Base and CSP-Plan, and about 335 GW in PV-Plan and Red-Inflow (see Tables S1-S14 in the Supplementary Material for detailed results). In all scenarios, it includes 109 GW of exogenously defined hydropower stations and 25 GW of other RE technologies (see Section 2.2). The model endogenous installation of additional hydropower plants is very limited, reaching 3.3 GW in all scenarios. It includes 2.3 GW of large and 0.2 GW of medium run-of-the-river power stations in the region Sul as well as 0.6 GW and 0.3 GW of medium reservoir hydro stations in Itaipu and Sul, respectively. A model endogenous installation of hydrogen reconversion power plants is not realized in any of the scenarios. Instead, all other capacity expansion concentrates on wind and solar power technologies. Reaching almost 32 GW, the overall CSP capacity is found to be highest in scenario Red-Inflow ( Figure 5 ). This reflects the need for additional dispatchable capacity in the case of a reduced water inflow to hydropower stations. Model endogenous installation of CSP is strongly concentrated to the region Sudeste, with only small amounts placed in Norte 1. Despite the high quality potentials located there, no endogenous installation in Nordeste is realized. The exogenously defined 10 GW of CSP considered in scenario CSP-Plan lead to a substitution of 1.7 GW of wind power by 1.3 of CSP and 1 GW of PV capacity as well as some shift in the regional distribution. The endogenous installation of PV remains significantly below the amount defined in scenario PV-Plan. Its capacity is distributed over five model regions, with regional shares notably influenced by the scenario assumptions. The highest amounts of endogenously added capacities are found for onshore wind power. The available potential of 71 GW in region Nordeste is exploited across all scenarios, and complemented by further 6 to 18 GW in Sul. This regional concentration arises from the big differences in annual capacity factors (Table 2) . Offshore wind power is not used in any scenario, which implies that the slightly higher capacity factors compared to onshore wind cannot compensate for the higher costs of this technology.
The power generation structure in the different scenarios in 2050 reflects the corresponding composition of the power plant park (Figure 6 ). Generally, a broad mix of different technologies is used. Most important power source is still hydropower: its supply share reaches 37% in Red-Inflow and 47% in all other scenarios. Wind power contributes between 24% and 27%, solar power between 18% and 26%, biomass between 7% and 8%, and wave and hydrogen CHP the remaining 1%. The lower hydropower generation in scenario Red-Inflow is mostly compensated by additional CSP generation (60%), but also by PV (15%), wind (10%) as well as biomass (5%) power, and a reduction of curtailments and losses (10%). Despite the high supply share of VRE technologies, curtailments occur only to a very limited extent. They range between 21 TWh in scenario Red-Inflow and 34 TWh in scenario PV-Plan, equivalent to 2.0% and 3.2% of the overall annual power generation, respectively. The power generation structure in the different scenarios in 2050 reflects the corresponding composition of the power plant park ( Figure 6 ). Generally, a broad mix of different technologies is used. Most important power source is still hydropower: its supply share reaches 37% in Red-Inflow and 47% in all other scenarios. Wind power contributes between 24% and 27%, solar power between 18% and 26%, biomass between 7% and 8%, and wave and hydrogen CHP the remaining 1%. The lower hydropower generation in scenario Red-Inflow is mostly compensated by additional CSP generation (60%), but also by PV (15%), wind (10%) as well as biomass (5%) power, and a reduction of curtailments and losses (10%). Despite the high supply share of VRE technologies, curtailments occur only to a very limited extent. They range between 21 TWh in scenario Red-Inflow and 34 TWh in scenario PV-Plan, equivalent to 2.0% and 3.2% of the overall annual power generation, respectively. The high VRE share in power supply as well as the location of wind and PV generation far from the demand centres cause a significant increase in power transmission capacities ( Figure 7 and Table  S10 ). The model endogenously installs additional interconnectors between 54 GW in scenario RedInflow and 59 GW in CSP-Plan, equivalent to around half of today's existing capacity. About 80% of the endogenously added transmission lines are built using DC technology. Almost half of the added transmission capacity connects the regions Nordeste and Sudeste, another 20% the regions Centro-Oeste The power generation structure in the different scenarios in 2050 reflects the corresponding composition of the power plant park (Figure 6 ). Generally, a broad mix of different technologies is used. Most important power source is still hydropower: its supply share reaches 37% in Red-Inflow and 47% in all other scenarios. Wind power contributes between 24% and 27%, solar power between 18% and 26%, biomass between 7% and 8%, and wave and hydrogen CHP the remaining 1%. The lower hydropower generation in scenario Red-Inflow is mostly compensated by additional CSP generation (60%), but also by PV (15%), wind (10%) as well as biomass (5%) power, and a reduction of curtailments and losses (10%). Despite the high supply share of VRE technologies, curtailments occur only to a very limited extent. They range between 21 TWh in scenario Red-Inflow and 34 TWh in scenario PV-Plan, equivalent to 2.0% and 3.2% of the overall annual power generation, respectively. The high VRE share in power supply as well as the location of wind and PV generation far from the demand centres cause a significant increase in power transmission capacities ( Figure 7 and Table  S10 ). The model endogenously installs additional interconnectors between 54 GW in scenario RedInflow and 59 GW in CSP-Plan, equivalent to around half of today's existing capacity. About 80% of the endogenously added transmission lines are built using DC technology. Almost half of the added transmission capacity connects the regions Nordeste and Sudeste, another 20% the regions Centro-Oeste The high VRE share in power supply as well as the location of wind and PV generation far from the demand centres cause a significant increase in power transmission capacities ( Figure 7 and Table S10 ). The model endogenously installs additional interconnectors between 54 GW in scenario Red-Inflow and 59 GW in CSP-Plan, equivalent to around half of today's existing capacity. About 80% of the endogenously added transmission lines are built using DC technology. Almost half of the added transmission capacity connects the regions Nordeste and Sudeste, another 20% the regions Centro-Oeste and Sudeste. This concentration is clearly related to the regional distribution of VRE generation and demand.
Accordingly, more than 35% of the annual power generation is transmitted over at least one region border (Figure 8 and Table S11 ). Almost all net imports are directed to the Sudeste region, where more than half of the national power demand occurs. Across all scenarios, the region imports at least 295 TWh/year, equivalent to about 55% of the regional demand. Most important net exporting regions are Nordeste, Centro-Oeste, exceeding the still significant large hydro stations at Itaipu and Belo Monte. and Sudeste. This concentration is clearly related to the regional distribution of VRE generation and demand. Table S10 .
Accordingly, more than 35% of the annual power generation is transmitted over at least one region border (Figure 8 and Table S11 ). Almost all net imports are directed to the Sudeste region, where more than half of the national power demand occurs. Across all scenarios, the region imports at least 295 TWh/year, equivalent to about 55% of the regional demand. Most important net exporting regions are Nordeste, Centro-Oeste, exceeding the still significant large hydro stations at Itaipu and Belo Monte. The water reservoirs available in the existing hydropower stations theoretically allow for storing almost 200 TWh/year of electricity, or 20% of the annual demand. This large storage capacity strongly limits the demand for and potential of alternative balancing options. According to the REMix results, no model endogenous installation of electricity storage takes place in any of the scenarios. This Table S10 .
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Accordingly, more than 35% of the annual power generation is transmitted over at least one region border ( Figure 8 and Table S11 ). Almost all net imports are directed to the Sudeste region, where more than half of the national power demand occurs. Across all scenarios, the region imports at least 295 TWh/year, equivalent to about 55% of the regional demand. Most important net exporting regions are Nordeste, Centro-Oeste, exceeding the still significant large hydro stations at Itaipu and Belo Monte. The water reservoirs available in the existing hydropower stations theoretically allow for storing almost 200 TWh/year of electricity, or 20% of the annual demand. This large storage capacity strongly limits the demand for and potential of alternative balancing options. According to the REMix results, no model endogenous installation of electricity storage takes place in any of the scenarios. This includes pump retrofitting of existing reservoir hydropower plants, battery as well as hydrogen storage. Not even in the Red-Inflow scenario, pump retrofitting proves to be necessary to enhance storage capacity of water dams.
In contrast, the exogenously defined flexibility is adequate for load balancing. The predefined hydrogen storage capacity is used to store between 1.6% and 1.9% of the annual hydrogen production (Table S12 ). This corresponds to around 12 TWh/year of electric energy. Annual full load hours of hydrogen storage range between 42 and 74 h. They are highest in scenario PV-Plan and lowest in CSP-Plan. Particularly high values are found in the regions Nordeste and Norte 1, lowest values in Norte 2 and Sul. A higher utilization is observed for the predefined thermal energy storage capacities in CHP and electric heating systems. Depending on the region and scenario, annual full load hours reach between 56 and 161 h. They are highest for fuel cell CHP and lowest for biomass CHP. On a national level, the annual storage energy input varies only by 15% between the scenarios, with lowest value in PV-Plan and highest in Red-Inflow. It reaches between 7% and 9% of the corresponding annual heat demand (Table S13 ). The stored energy is equivalent to a power demand of around 6 TWh/year in case of electric heating, and a power generation of 8 TWh/year in case of CHP. Controlled charging of BEV is also used to balance VRE fluctuations. Between 7% and 9% of the annual charging demand are shifted to a later time, equivalent to between 8 and 10 TWh/year (Table S14 ). The highest value occurs in scenario CSP-Plan, the lowest in Red-Inflow. Generally, longer shifting times of six to eight hours are preferred to shorter ones. The REMix results show that the annual shares of shifted BEV charging are the highest in the regions Sudeste and Sul. Regional values can be as low as 3% and as high as 11% of the annual charging demand. Other, more expensive DR is used to a much lower extent. The annual amount of the considered industrial and commercial load shifting and shedding does not exceed 0.4 TWh or 0.04% of the total annual power demand. Despite this low amount of energy, DR provides peak load reductions by more than 3.3 GW, according to the available potential. The maximum load increase reaches 0.9 GW. The amount of shifted and shedded energy differs by up to 6% between the scenarios, whereas peak reduction and increase are identical. This implies that the implementation of DR is only to a very limited extent influenced by the scenario assumptions. In terms of electric energy, the overall load shifting of electric heating, CHP, hydrogen electrolysis, BEV, and other DR reaches around 33 TWh/year, which is about 3% of the annual power demand, and less than 20% of the available hydro reservoir capacity. Table S14 sums up regional power transport.
Under the assumptions for investment and operational cost applied, the scenarios Base, PV-Plan and CSP-Plan show only slight differences of less than 1% in specific electricity costs (Figure 9 ). A clearer difference can be found in scenario Red-Inflow, where additional generation capacity is required. Here costs of power production are about 6 €/MWh (8%) higher than in the other scenarios. These costs account for fixed as well as variable operation and maintenance costs on the one hand, and the annual depreciation of capital expenditure on the other. Both are here considered for all assets included in the model, thus exogenously defined and endogenously added power stations, power transmission and all considered storage and balancing technologies. This can be considered a conservative approach, as it implies that annuities still have to be paid for hydro and grid capacities available today. The resulting specific generation costs are dominated by hydro and biomass power, whereas grid, storage and DR do not have a significant share in any of the scenarios. If no annuities are considered for existing hydro stations, grid capacities and the predefined biomass CHP plants, specific electricity costs are lower by 20 €/MWh, 1 €/MWh and 7 €/MWh, respectively. Note that all costs are calculated in € 2015 . 
Discussion and Conclusions
This paper analyses the least-cost composition and operation of a fully renewable power supply system as part of a 100% RE system in Brazil. It relies on the application of the high-resolution energy system model REMix, which considers the power sector as well as all linkages to the heat and transport sectors. The methodology applied is easily transferrable to other countries. The modelling 
This paper analyses the least-cost composition and operation of a fully renewable power supply system as part of a 100% RE system in Brazil. It relies on the application of the high-resolution energy system model REMix, which considers the power sector as well as all linkages to the heat and transport sectors. The methodology applied is easily transferrable to other countries. The modelling results show that the Brazilian power system is able to equally address the challenges of providing sufficient electricity and eliminating direct GHG emissions. With regard to affordability, our results indicate that a completely renewable power system in Brazil will not lead to significantly increased costs, despite the additional transmission and generation capacity [41] .
Our analysis reveals that the expansion of wind, PV and CSP is cheaper than the construction of additional hydroelectric power stations. This is favoured because the existing hydroelectric power plants already offer large capacity of dispatchable power to compensate for fluctuations, and thus no additional storage is necessary. Furthermore, the existing hydropower capacity limits the contribution of wind and solar to around half of the generation. This makes a fundamental difference to other countries and world regions, where a fully renewable power supply relying on domestic sources can only be realized relying on much higher wind and solar shares. Nonetheless, our analysis shows that wind, PV and CSP are major pillars of a cost-efficient fully renewable power supply in Brazil. Previous analyses for Europe have shown that higher VRE shares require the installation of significant amounts of storage and grid capacity [32, [66] [67] [68] [69] [70] [71] [72] . In contrast to that, there is no demand for additional short-term or long-term electricity storage in our scenarios for Brazil, as the available hydropower reservoirs and biomass stations can balance the intermittent generation. However, storage is used as thermal energy storage in CSP, CHP as well as electric heating (with hot water storage), and as decentralized hydrogen storage. According to our scenarios, the Brazilian high-voltage power grid would have to be expanded by around half of its current capacity. Its main driver is the installation of wind power and CSP in regions far from the demand centres. Even though the need for additional power lines is significant, it is comparatively much lower than in systems with higher solar and especially wind shares. However, the implementation of a wind and solar share of close to 50% represents a significant transformation of the Brazilian power system.
The REMix analysis also shows that varying shares of new supply technologies (wind, PV, CSP) as well as the spatial distribution of power plants have only a small influence on the supply costs. This implies that the transformation strategy in Brazil can be primarily based on other criteria such as regional development, public acceptance, environmental impact or industrial policy without major impacts on system costs. Furthermore, the model results indicate an enhanced coupling of power, heat and transport sectors through flexible electric heating, electric mobility and hydrogen electrolysis can significantly contribute to the balancing of intermittent power generation. By concentrating these loads to the hours of high solar, wind and hydropower availability, the demand for dispatchable generation can be reduced. The same applies to industrial load shifting and shedding, which helps to cut load peaks that occur only in few hours. Even though the flexibility of enhanced sector coupling and DR is used for a temporal shift of only around 3% of the annual power demand, the utilization of the considered thermal and hydrogen storage as well as controlled BEV charging is comparable to that identified for other countries in previous REMix analyses [37, 45] . Nonetheless, their balancing potential might become even more important, if biomass resources are increasingly exploited or exported, thus requiring the use of other energy carriers also in Brazil. The abundance of good quality solar and wind energy potentials is a chance for a further electrification of transport and heating, as well as for the production of synthetic fuels without significant increase in specific power generation costs. Both could potentially substitute the usage of biomass in the heat and transport sectors, which was considered in the underlying energy system transformation pathway considered in this work [41] . The limits and system impact of this option must analysed by future studies.
Our modelling approach potentially overestimates the flexibility of reservoir hydro stations, as it does not account for other uses of water for environmental, social and economic purposes [21] . For this reason, the potential impact of a lower flexibility of hydro stations was studied in a REMix sensitivity run with the storage capacity of all water reservoirs cut by half. Despite this strong reduction of water storage availability, the results only show a slight shift in generation capacity from PV (−4.5 GW, 7%) to CSP (2.5 GW, 10%) compared to the Base scenario. This small change can be explained by the dispatchable operation of CSP, as was also highlighted by [65] . The corresponding change in the power generation structure reaches only 7 TWh, and is rather insignificant. There is no change in the investment in hydro capacity, and the differences in hydropower generation, grid expansion, annual power transmission and overall system costs are below 1%. The increase in the flexible operation of sector coupling technologies reaches around 3%, and is most notable for the electrolyser operation. This first assessment must be supplemented by a comprehensive analysis of the real flexibility of hydropower plants in Brazil considering a detailed modelling of hydro stations operating in cascade.
Scenario Red-Inflow gives some indication on the possible response to a reduction in water inflow to hydropower plants-due to either droughts or other water demands. Due to the abundance of high quality potentials, such a reduction could be relatively easily compensated by additional solar and wind power generation. Particularly the CSP supply share increases notably in this scenario, as it can provide firm generation capacity through its thermal storage. Future studies must assess the role of a reduced water inflow on the Brazilian power supply system in more detail, considering also regionally different values and especially seasonal effects. Concerning the impact of a lower water inflow to hydropower stations, e.g., as a consequence of climate change, our results show that a reduction of 25% in hydropower generation can be easily balanced by wind and solar power, increasing the specific power generation costs by about 8%.
The results of the case study are to a high degree influenced by the REMix modelling approach and the data used. The spatial and temporal resolution of REMix limits the validity of the results to the hourly balancing of demand and generation and the power exchange between the considered model regions. Possibly, additional grid or generation capacity might be required to supply all demand also on shorter timescales and within these regions. Furthermore, the model relies on numerous approximations concerning the technical characteristics and restrictions of all modelled technologies. These aspects have been discussed in detail in [32] .
The hourly availability of VRE power generation is mainly driven by weather conditions and is typically different between the years. The results presented here rely on measured data of 2002. The consideration of different weather years might have significant impact on the results [32] . Adding up the minimum availability of the power generation capacities during the afternoon load peak, the firm capacity in the system can be estimated. Depending on the scenario it reaches around 75% to 80% of the annual peak load. Sensitivity analyses with REMix show that around 33 GW of hydrogen-fired gas turbines are needed to enhance the relative firm capacity to 115%. However, these units would have average annual full load hours of less than 10 h/year. The required investment increases the overall power system costs by about 3%.
The case study relies on assumptions concerning technology and cost developments, which can have substantial impact on the results. This is particularly the case for the future costs of wind, solar and hydropower, but also energy storage. Our results show that predefined PV and CSP capacities have only a very small impact on the specific generation costs. From this follows that minor changes in investment costs of solar and wind technologies would not lead to significant changes in the supply costs, even though the least-cost supply structure is likely to be different. The sensitivity of the results to a 50% increase in investment costs of CSP and onshore wind technology, respectively, was tested in two additional REMix runs. The consideration of higher CSP costs leads to a reduction of CSP capacity by around 16.5 GW compared to the Base scenario, equivalent to around one third. It is compensated by additional 25 GW of PV, 10 GW of onshore wind, 2 GW of hydropower, and 0.8 GW of hydrogen gas turbines capacity. CSP generation is reduced even by half, and substituted to 60% by PV and 40% by wind. The additional wind and solar capacity is located in the regions Sul and Centro-Oeste, most or the additional PV capacity in Nordeste and Centro-Oeste. The different generation structure causes an increase in grid capacity expansion by 30% and in supply costs by 4%. With less dispatchable capacity available, other balancing technologies are used to a much higher extent: power transmission increases by 20%, hydrogen storage charging by 30%, thermal energy storage and shifted BEV charging by about 40% each, and other DR by 250%. The consideration of higher onshore wind investment costs reduces the wind power capacity in Nordeste by 33 GW, which is more than half of the value determined in the Base scenario. Wind power generation decreases even more, by almost 60%. On the contrary, CSP generation doubles, even though the increase in capacity amounts to only 13 GW or 50%. PV capacity and generation are by 25 GW (40%) and 35 TWh (35%) higher than in the Base scenario, respectively. As most of the additional solar power generation capacity is located in Sudeste, the need to expand the power grid is reduced almost by half. The annual power transmission is by more than 30% lower, whereas the overall usage of other balancing technologies remains unchanged. System costs are by about 8% higher than in the Base scenario, and close to those in Red-Inflow. Concerning energy storage, a sensitivity run with REMix reveals that battery storage is not used, even if investment costs are reduced by half.
Across all scenarios, CSP is found to be an important element of a 100% renewable power supply in Brazil. This is in line with previous works particularly dedicated to the future role of CSP in the northeast of the country [65, 73] . For the region here labelled Nordeste, they find that CSP plants hybridized with local biomass would play an important role in the Brazilian power system from 2040 on. Such systems would contribute to the power system by regularizing the energy imbalance that result from the large-scale wind and PV expansion along with conventional inflexible power plants. Furthermore, they would be able to increase frequency response and operational reserve services and can provide the required additional flexibility that will be required in the future.
In our case study, we assume a favourable development of VRE technology costs. To some degree, these costs reductions depend on the future global market development. We implicitly assume a significant increase in globally installed capacity, which enables cost reductions through technology learning in a global market. This is particularly relevant for the technologies with currently low installed capacities, including wave power, hydrogen fuel cells, battery storage and CSP. In this, we rely on the cited data sources for technology costs.
By integrating our detailed power optimization approach with the detailed transformation pathways in [41] we provide an easily adaptable methodology for the assessment of energy transformation. Our scenarios help to identify, which technologies might be essential for a fully decarbonized energy system as well as critical investment decisions for the future capacity structure. Applying this methodology before, we have identified such decisive investments for an island system with regard to costs [37] . With this paper, we provide evidence of an easy transferability of our approach. For Brazil, we identified that all considered scenarios with varying generation systems lead to similar costs. We therefore highlight the necessity to further assess other sustainability dimensions for an optimal transformation of the power system.
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Appendix A. Demand Response Model
This work makes use of a simplified model representation of demand response (DR), compared to that used in previous publications of REMix results [37, 38] . Here, load shifting is modelled as fictitious energy storage for preponing and postponing demand. If load is shifted to an earlier time, it operates equivalent to a physical energy storage, which is charged when the load is increased, and subsequently discharged when it is decreased. Load shifting to a later time represents the inverse process, where the storage is charged at load reduction and later discharge at load increase. Equations (A1) and (A2) show the storage balance for load shifting to an earlier or later time, respectively. It includes two efficiency values η 1 and η 2 , representing additional demand caused by DR. In this work, model equations and inequalities are presented in simplified denotation. For a better readability, sets that parameters and variables are dependent on are not included here. These are generally model nodes and technologies. Parameters and variables are displayed differently: variables are always written in bold font, and parameters appear in normal font. All model variables used here can have only positive values. All variables and parameters used in the equations are defined in Table A1 . 
In the case that loads cannot be moved to both an earlier and later time for a certain technology, the corresponding variables are set to zero. For load shedding, Equation (A1) is modified such that P balRed is set to zero for all time steps.
The overall load reduction must be smaller or equal than the available flexible capacity given by the overall capacity of DR loads and the time-dependent availability factor s flex (Equation (A3)). Equivalently, the overall load increase must be smaller or equal than the available unused capacity given dependent on the availability factor s free (Equation (A4)). The overall capacity of DR loads can be composed of an exogenously defined contribution P existCap and an endogenously optimized contribution P addedCap . Its sum cannot exceed the overall available potential P maxCap (Equation (A5)). P red (t) + P balInc (t) ! ≤ (P addedCap + P existCap ) × s f lex (t) (A3) P inc (t) + P balRed (t) ! ≤ (P addedCap + P existCap ) × s f ree (t) (A4)
The annual depreciation of capital expenditure is calculated as the product of added DR capacity P addedCap , specific investment costs c specInv and the annuity factor. The latter is obtained according to Equation (A3) in [32] . The operation and maintenance costs C operation are composed of three elements: the fixed costs calculated as a constant share c OMFix of the investment costs, and two variable elements scaling with the shifted or shedded load on the one hand, and the levels of the fictitious storage (Equation (A6)) on the other with specific costs values c OMVar1 and c OMVar2 . Table A2 includes the existing grid connections considered in REMix according to [39] . Regionalized power demand values from [41] are summarized in Table A3. Tables A4 and A5 provide the considered run-of-river, reservoir hydro, wave power, and biomass CHP capacities as well as hydropower full load hours considered in all scenarios. The model endogenous installation of additional hydropower plants is limited by the potentials summarized in Table A6 . The hydropower capacities are taken from [46, 47] , while the biomass and wave power capacities were part of the scenario development in [41] . Table A2 . Considered existing grid connections and transfer capacities in MW based on [39] .
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